Abstract. This paper reports a meta analysis of how effectively hedonic property models have detected the influence of air pollution on housing prices. Probit estimates are reported describing how data, model specification, and local property market conditions in cities represented in thirty-seven studies influence the ability of hedonic models to uncover negative, statistically significant relationships between housing prices and air pollution measures.
Introduction
A little over twenty-five years ago, reported the first application of hedonic methods to estimate the effect of air pollution on property values in St. Louis. Using 1960 census data for tracts where at least 60 percent of the housing units were single family units and the population density was at least one person per acre, these authors found "... an estimate for the effect of air pollution on residential property values ... that can be used with some confidence" (p. 256). The authors investigated two pollution variables --a measure for sulfates and one for suspended particulates. They focused their analysis on the first measure because the estimates with the suspended particulate measure were judged to be "unsatisfactory" (they yielded positive coefficient estimates). By finding a negative relationship between property values and sulfate measures, Ridker and Henning's research motivated the conceptual models of Rosen (1974) and Freeman (1974) almost a decade later and helped to establish the hedonic approach for estimating people's values for site-specific amenities (see Palmquist, 1991 for a review of hedonic methods).
This paper considers the question that started all of this activity from the vantage point of twenty-five years of experience. Now that Ridker and Henning's proposal has been replicated a number of times, does the accumulated empirical evidence support a negative and statistically significant relationship between property values and air pollution? To address this question, we analyzed the results reported in thirty-seven hedonic property value studies with at least one measure of air pollution. This evaluation is based on qualitative variables defined using the results of tests as to whether Environmental and Resource Economics 3: 381--394, 1993. 9 1993 KluwerAcademic Publishers. Printed in the Netherlands. 382 V. K. Smith and J. Chin Huang air pollution measures in each of the hedonic models would be judged as statistically significant determinants of property values at different p values (i.e. probabilities of a Type I error).
This paper reports probit analyses of the factors influencing whether each study found a theoretically consistent and statistically significant relationship between air pollution and property values. Our approach builds on previous statistical reviews of empirical literature originally developed in psychology and education (see Glass, 1976; Hedges and Olkin, 1985; and Cordray, 1987) by demonstrating how conclusions drawn from empirical studies can be subjected to econometric analysis. Moreover, it evaluates one aspect of using hedonic methods to estimate the value of nonmarketed environmental resources)
Data, Model, and Results
The data for this meta analysis of hedonic models were derived from a review of over fifty studies discussing the role of air pollution in hedonic property value models. Our initial screening selected studies that estimated hedonic propety value functions including at least one measure of air pollution. Thirty seven studies (including provide the basis for our data base (see Appendix A for a listing of the specific citations for each of the studies included). Twenty-six of the studies were published in journals, one in an edited volume, five were unpublished Ph.D. disserations, and five were unpublished papers. Because each study often reported multiple models, the summary statistics for these studies led to 167 observations. Table I summarizes some of the broad features of the sample of estimates used for our analysis, describing the timing of the housing sales, the price measure used, and the number of estimated models reported in each study. 1960  10  2  --9  2  1  --1961--69  5  ----4  --1  --1970  --2  3  5  ------1971--79  1  8  4  9  1  2  1  1980  2  ----2  ------ Restricted price refers to a sample that has a restricted range of prices, such as the transactions associated with FHA mortgages in a particular city.
Several factors contributed to reducing the sample used in our summary evaluation of the record from the 167 separate estimates. One of the most important of these issues from the perspective of our analysis concerns the independence of each study's estimates as contributions to our summary. As Table I indicates, it is relatively common for a study to report results for several model specifications (and we describe below how our estimates adjust for the effects of multiple models). In addition, there are several cases where it appears that the same estimated hedonic model (or a very close variation) has been used in different papers to meet different research objectives. In this case, we have attempted to identify the duplication and include only one of these papers. Table ] I identifies the duplicate uses of the same estimated hedonic models and indicates the particular study selected for our analysis. An equally important source of overlap arises from progressive refinements in databases that can accompany from a long-term program of research. The most notable example of this for the hedonic models in our sample is associated with Palmquist's (1984 Palmquist's ( , 1982 research. In this case each study represents a different type of refinement in variables, estimator, or modeling assumptions that have been applied to different subsets of the same basic data set. Because Palmquist's three papers could contribute as much as forty-one estimates to our sample, their treatment can be influential to our findings. The first study in the research sequence, Palmquist (1984) , focused on the role of only one pollutant in analyzing the second-stage demand models for housing characteristics using linear hedohic price equations for seven cities. 2 We included these results in our analysis of the performance of particulate matter as the air pollution measure. Palmquist's second study (1982) included four pollutants (annual second-high reading for total suspended particulates, annual arithmetic mean of nitrogen dioxide, annual second-high reading for ozone, and annual median for sulfur dioxide) for twenty cities. This study was included in the sample analyzing performance of the model with any air pollution measure. 3 Table III lists the studies that were used for our statistical summary of the performance of air pollution measures in hedonic models, identifying the authors, date (of the study), and the city for each study.
This paper focuses primarily on the conclusions that can be drawn in testing the relationship between the air pollution measure used and property values. We defined two measures to characterize the primary question Ridker and Henning sought to evaluate --the existence of a relationship beween air pollution and property values:
(1) a qualitative variable that is unity if at least one of the air pollution measures in an equation was negative and significantly different from zero with a p-value of 0.10 (designated Decision 1); and (2) a qualitative variable defined using a comparable criteria to (1) but focusing on whether this decision would be made exclusively on the , 3, 4, 5, 7, 8, 11, 15, 22, 24, 25, 28, 29, 31, 32, 33, 37. basis of the estimated parameter in the hedonic price equation for particulate matter (designated Decision 2).
A simple test of the evidence supporting a consistent linkage between prices and air pollution might seem to be testing whether the proportion of models that satisfied each criteria was different than that produced by chance. For Decision 1, 74 percent of the models report a negative and significant relationship; while for Decision 2, only 56 percent do so. A test of the difference between these proportions and 50 percent clearly rejects the null hypothesis (the likelihood of accepting or rejecting a consistent linkage between air pollution and property values is equal) with the Decision 1 outcome measure. It does not reject this hypothesis for Decision 2. 4 Of course, the proportion of models with negative and significant coefficients may not be 50 percent by chance. One could argue that we should have used 10 percent (i.e. the p-value used in defining Decision 1 and Decision 2). However, an important selection effect may govern the pub-fished studies that compose the majority of our sample. Studies successfully demonstrating the hypothesized link between air pollution and housing prices are probably more likely to be published than those offering inconclusive results. This tendency may be especially pronounced in the early stages of the literature's development. Once enough empirical evidence accumulates to regard the linkage as an "empirical fact," then interest increases in contradictory evidence. (See Graves et al., 1988 as an example.) Any attempt to use statistical results as "data" for a second stage summary will face this type of selection effect both because negative results (i.e. those contradicting accepted hypotheses are less likely to be published or known) and because the unpublished literature will be more difficult to uncover and represent. To attempt to deal with these limitations, we searched University Microfilms and reviewed all economics (and related) Ph.D. dissertations reported from 1970 through 1990 whose abstracts indicated empirical hedonic models with air pollution. In addition, we investigated the effects of a qualitative variable defined based on whether each study included in our sample had been published on our two dependent variables. This factor distinguishing the studies was not a significant determinant in the models for either dependent variable. 5
Our evaluation of what has been learned about the relationship between housing prices and air pollution is based on multivariate probit models using each of the decision variables described earlier. Each model included variables describing the data used, model specification features, and city characteristics in each application that might influence the plausibility of the hedonic framework's underlying assumptions. Table IV reports the estimates and the definitions for the specific variables. Because some studies reported multiple estimates that included both different cities (as in the Palmquist a The numbers in parentheses below the estimated coefficients are the ratios of the coefficients to their estimated asymptotic standard errors. Using the standard normal, we have identified statistically significant factors with: + = significantly different from zero; p = 0.10. * = significantly different from zero; p = 0.05. ** = significantly different from zero; p = 0.01. b The independent variables are largely self-explanatory. For example, the number of observations is the size of the sample used in each study. For clarification, linear specification refers to the model used in developing the outcome (i.e., Decision 1 or Decision 2). Use of actual price refers to whether the hedonic model used the actual sales price (= 1) in comparison with census tract or appraisal values. Use of OLS refers to whether ordinary least squares was used to estimate the hedonic model. Geometric Mean of TSP second highs refers to a separately developed measure of particulate matter for each city at as close to the year of the original sample as possible. Vacancy Rate is used as a measure of local housing market conditions and refers to the rate from the state and metropolitan data for each city in the year available that was closest to the sample year for each city. Because this was not available for about 21 percent of the cities in our study, we used the mean rate for the missing values and included this variable to evaluate the effects of this assumption. Measures of Access corresponds to the number of variables in each model describing accessibility or distance to CBD, major highways, shopping areas, and airports.
c This is calculated as 1 -(LyL2) where L1 is the maximum value of the log-likelihood function with all parameters and L 2 is the function with intercepts only (all other parameters restricted to zero). See McFadden, 1974. studies described earlier) and different estimates (several functional forms may have been used for the estimated hedonic price functions), the sample composition could imply a nonspherical error structure and therefore violate the assumption underlying the probit estimator. While we were able to limit these effects somewhat by eliminating duplicate studies and using only one of the Palmquist studies in each sample, the sample cannot be assumed to satisfy the assumption underlying probit. To adjust our tests for the effects of heteroscedasticity, we used Huber's (1967) asymptotic bootstrap method to estimate the covariance matrix for the probit coefficients in each model. 6 The Z statistics based on these estimated asymptotic standard errors are reported in brackets beside those estimated assuming well-behaved errors. This adjustment strengthens the conclusions that can be drawn from the analysis. Nonetheless, it does not completely address the problems posed by the sample. Cross observation correlation is not reflected in this covariance estimator and could also be an issue with our summary models. Of course, unlike heteroscedasticity, it seems reasonable to assume that this effect is reduced by eliminating duplicate studies. Overall our estimates indicate that there is a systematic relationship between the modeling decisions, the descriptions used to characterize air pollution, the condition of the local housing markets, and the conclusions reached about the relationship between air pollution and housing prices. In those cases where we can formulate a null hypothesis (indicated with a sign beside the variable name in Table IV) , there is generally agreement with a priori expectations when the variable was found to be significant. Where the estimated effects of model characteristics or local conditions is a statistically significant influence on both decision measures, the sign of the effects is consistent.
Some of the most interesting determinants relate to the data used, the functional form, the number of pollution measures and extent of the problem, and the local housing conditions. Use of actual housing sales prices appears to reduce the prospects for detecting significmat (and consistent) effects of air pollution when compared with the census aggregates. Here it seems likely that greater variability in actual sales prices makes the estimated models inherently more "noisy" even though the actual price measure would be preferred on theoretical grounds. A linear specification seems to also reduce the prospects for detecting a link. This finding appears consistent with the controlled experiments of Cropper et al. (1988) favoring the more flexible forms over the restrictive linear models, at least in terms of the accuracy of the measures for marginal effects.
It may seem somewhat surprising that more air pollution measures in the model reduces the prospects for finding a significant relationship, even when we use a measure that would count the finding with any one of them a success. The explanation probably lies in the high level of collinearity among air pollution variables. Significant and consistent linkages are associated with higher levels of air pollution, as represented here by an independent (of each study's sample) measure of particulate matter at about the time of each study's housing price measures.
Finally, market conditions may be important to the model's performance. The vacancy rate measure (matched for each study's city and approximate year of housing sales) has an influence, but it is difficult to formulate clearcut hypotheses about the direction of this effect. Thus, because of this limitation and the difficulty in developing vacancy measures relevant to each city, this result should be interpreted only as suggestive of an effect for market conditions on the performance of hedonic models in detecting the effects of site specific amenities.
Implications
Ridker and Helming's paper initiated an important line of research that has documented a negative association between some measures of air pollution and residential property values. Unfortunately, this does not mean that we can use models for estimating the marginal value of improving air quality. Once the connection was accepted by the profession, interest in developing estimated models that could be used to provide this type of information for policy making seemed to decline. The most current data set used in a published hedonic model with air pollution evaluated for a U.S. city was 1980. 7 Our findings suggest that hedonic models have been successful in supporting a connection between air quality conditions at different residential sites within a city and housing prices. Most of the research did not seek to establish more than this connection. To date there has been less interest in refining estimates of hedonic property value models with air pollution to provide the resolution in the marginal effects that would be required to use the results in estimating people's incremental values for reducing pollution. Instead, policy interest (and empirical modeling) has focused on using the hedonic models for other applications with proxy variables (often difficult to interpret) for the services of environmental resources. Because these applications tend to be more narrowly focused, it is difficut to use them to supplement our evaluation of the hedonic methodology. Based on the evidence available for air pollution, the model has proved successful in detecting the direction of air quality's influence on residential property values. bring the results from his studies, to Rick Freeman and Tom Tietenberg and two anonymous referees for comments on the research, and to Barbara Scott for constructive editing of earlier drafts of this paper. 1 This paper is part of a larger research program that is using meta analysis to evaluate the performance of methods for valuing nonmarketed environmental resources. In a separate paper we evaluate the estimates of the marginal rate of substitution that can be derived from past studies. Appendix A lists the studies reviewed (Smith and Huang, 1993) . Several other meta analyses of benefit measures have been conducted. In earlier research (Smith and Kaoru, 1990) , the first author used meta analysis with travel cost recreation demand models. More recently, Walsh, Johnson, and McKean (1990) have combined travel cost with contingent valuation studies of recreation sites in a meta analytic summary of adjusted, "best" estimates of the consumer surplus per day. An important distinction between Walsh, Johnson, and McKean approach and the earlier Smith-Kaoru analysis is the somewhat arbitrary adjustments the former authors made to the consumer surplus estimates to account for differences in modeling assumptions.
The most recent application of meta analysis has been completed for some of the contingent valuation studies of people's willingness to pay for visibility improvements (see Smith and Osborne, 1993) . 2 The reason for the contradiction in dates when compared with the research sequence is the lag in publication. Completed in 1981 , Palmquist (1984 is the only published paper from this research program. 3 sought to refine the measure in the earlier study and attempted to resolve inconsistencies in the estimated effects of air pollution variables. By selecting the earlier study, we include results that are both consistent and inconsistent with a priori theoretical expectations. 4 These tests use the normal approximation to the binomial with
where X = the count of times each decision variable was satisfied; 0 = the proportion specified for the null hypothesis; and n = sample size. The estimated standard errors used for the asymptotic Z statistics in brackets are based on the Huber, 1967 robust covariance estimator. The only substantive change in the model arises in the sign of the coefficient for the qualitative variable for use of OLS. It becomes negative but remains insignificant when the published qualitative variable is included.
The sign of the coefficient for "published" is consistent with a priori expectations. However, one might carry the questions further arguing for a two-way causality --a significant, correctly signed effect is necessary for publication. We cannot effectively test this issue because we do not have an inventory of all analyses done to take account of the success and failure in detecting the influence of air pollution. 6 Huber's, 1967 estimator constructs a weighted covariance estimator relying on the score and Hession of the likelihood function. Let (x~,x,) l Then the Huber covariance matrix is defined as: 7 Schechter, 1991 recently included a linkage between housing and medical services in an expendable model. This study was part of a larger comparison of alternative methods for estimating the value of air quality improvements in Israel that included a hedonic property model, along with contingent valuation, averting costs, and the expenditure share models described in this paper. The hedonic component of the analysis can be found in Shechter and Kim, 1991. 
